
Age of the Earth 
C, Patterson 

California institute of Technology, Pasadena, California 

G. Tilton 
Department of Terrestrial Magnetism, Carnegie lnstitution of Washington, Wasbington, D.C. 

M. Inghram 
University of Chicago, Chicago, Zllinois 

NEW method for  estimating the age of theAearth consists of calculating a PbZo7/PbzoG 
age from the observed differences between 
the isotopic composition of recent lead iso- 

lated from the surface of the earth where appreciable 
concentrations of uranium exist and the isotopic com- 
position of lead isolated from iron meteorites where 
insignificant concentrations of uranium are found 
(1-3). 

The method is as follou~s. Let the isotopic composi- 
tion of lead in the earth at  the time i t  was formed be 
Pb204=1,PbZo6= x, Pb207 = y, and Pb208 =Z, where x, 
y, and z are the number of atoms of these isotopes 
for  each atom of PbZ0*; let the isotopic composition 
of lead in the earth today be Pb204 =1,PbZoG= 2 ' 9  

have heliocentric orbits; the basis for  this belief is 
that the emission spectra of meteor trails indicate 
a close similarity of chemical composition between 
meteorites and meteors and that radar and photo- 
graphic velocity data for meteors may be interpreted 
to mean that meteors have heliocentric orbits (4). (ii) 
There is apparently a l-to-1 correlation, within ex-
perimental error, for  the relative abundances of a 
large number of nonvolatile elements in meteorites 
and in the sun (5, 6) ; in addition, meteoritic material 
may be used to coilstruct planet models that possess 
the physical and chemical properties of the earth 
(6, 7).  (iii) No differences between the isotopic com- 
positions of elements existing in meteorites and the 
earth have been found thus far, except for  the few 

PbZ07=y', PbZo8=2'.
 Then APbZo6= (x' -x)  is the that can be explained by supposedly known and rea- 
amount of radiogenic Pb206 generated by UZ38 since 
the earth was formed, and similarly, APb207 = (y' -y) 
is the amount of radiogenic Pb207 generated by U235. 
These amounts of radiogenic leads may be expressed 
in terms of the present G238/U235 ratio, k ,  the dis- 
integration constants of UB3 and U238, hl and h2, and 
the period of decay, T, as 

This expression is solved for  l'. 
It is necessary to assume that when the earth was 

formed, it contained lead with an isotopic composi- 
tion the same as that in iron meteorites, and that the 
ratio of lead to uranium has not changed, except for 
radioactive decay in the surface of the earth, since 
the surface was formed. On the basis of these as-
sumptions, the values of x and y are measured in the 
lead from iron meteorites and the values of x' and y' 
are measured in a sample of the average lead in the 
earth's crust. The age of the earth calculated in this 
manner, about 4.5 x l o9  yr, is considerably greater 
than the generally accepted estimate of 3.3 x l o 9  yr, 
and this paper is an attempt to view this new value 
in a proper perspective. 

Relatiorz.*hip betwee* meteorites and the earth. 
There are three main points of interest concerning 
the general relationship between meteorites and the 
earth. ( i )  Most meteoriticists believe that meteorites 

sonable differences in conditions involving nuclear 
reactions or isotopic fractionations ( 5 ) .  Thus, there 
is some evidence for  believing that meteorites are 
components of the solar system, that they as a whole 
do not represent uncommon and highly differentiated 
chemical systems relative to the earth, and that there 
is a uniformity of elemental isotopic compositions 
in both the earth and meteorites. I n  view of this, 
there are several possibilities concerning lead and 
u r a ~ i u m  in meteorites that should not be ignored: 
namely, that the concentrations of lead and uranium 
in chondrites may be a rough measure of the concen- 
trations of these elements in the earth as a whole, and 
that the lead in iron meteorites, which contain insig- 
nificant amounts of uranium, may represent the kind 
of lead that existed in the earth when it was formed. 

RecentIy publishdd measurements of the concentra- 
tions of lead and uranium in meteorites are listed in 
Table 1.Since these data were published another sam- 
ple of lead, isolated from the sulfide phase of the Hen- 
bury, Australia, iron meteorite, has been analyzed in 
the inass speotromdter, and this analysis is included 
in Table 1.The isotopic compositions of the leads from 
both iron meteorites are the same, although one is a 
coarse octahedsite (and in gallium class I) and the 
other is a medium octahedrite (and in galliun~ class 
11).This would indicate that the isotopic composition 
of lead in iron meteorites is uniform. The isotopic 
composition of lead, however, is critically dependent 
upon relative concentrations, during the chemical his- 



Table 1.L e a d  a n d  u ran ium i n  meteorites ( 8 ) .  

Canyon Diablo ~rietal  plLase 
A ~ e r a g eof iron nleteorites 

C : I I I ~ O I ~Diahlo troilite 
T l e ~ ~ b n r ptroilite 
Mocloc to ta l  stonc 
S o r t o n  County tot:il stoile 

0.37" 9.73. 10.5" 29.3" 
0.001 ( 9 )  

( 1 0 )
.009 18 9.41 10.27 29.16 

D 9.50 10.30 29.26 
.011 0.9 
,010 

-

* Clo1.recti.d fur about 20-prrvent tel.restl.iu1 lrad contaminati<~n ir~troclucrd cluring c1lrrnic;rl ~)ruc(~ssing. 

tories, of uranium, thorium, and lead, and the neces- 
sary exact knowledge of these chemical histories in 
meteorites is lacking a t  present. F o r  example, the lead 
now found in iron meteorites may have beer1 exposed 
to an environment containing higher concentrations 
of uranium for  an unkrlown period of time before the 
meteorites were formed. It is not known whether the 
lead existing in the earth was exposed to a similar 
environment. There is no evidence, therefore, that 
compels us to  assume that when the earth was formed 
it contained lead with the same isotopic coniposition 
as that in iron meteorites, although such an assump- 
tion is necessary for  the age calculations. 

F o r  the present, the values in Table 1can be used 
to estimate the relative abundances of lead and ura- 
nium in chondritic material as about 8 x atom per 
10' atoms of S i  and 1x atom per l o 4  atoms of Si, 
respectively. A detailed study of some trace elements 
in a large number of iron meteorites (11) has shown 
that extensive, though perhaps systematic, variations 
in the concentratiorls of those trace elements occur. 
F o r  this reason, the values given here might differ 
somewhat from those chosen as  significant af ter  a de- 
tailed study of these two elements in meteoritic mate- 
rial has been made. High concentrations of lead and 
uranium in minor phases such as troilite may produce 
an uncertainty of a factor of about 2 in the concen- 
trations of these two elements in meteoritic material, 
since the amounts of these minor phases may vary 
widely in different portions of the same meteorite, and 
it  is difficult to obtain representative samples. The 
values given here are probably significant to within a 
factor of about 5 of meteoritic concentrations, assum- 
ing that they do not represent extremes of possible 
variations. I f  the earth were made of a material with 
a chemical composition similar to chondritic meteor- 
ites ( 6 )  or of a material represented by a reasonable 
combination of iron and stone meteorites ( 5 ) ,then the 
foregoing figures would express the abundances of 
lead and uranium relative to silicon for  the earth as a 
whole. 

Pr imary  radiogenic l ~ a d  growth pattern i.n the  
earth. The isotopic compositions have been determined 
for  a number of leads (12 )  isolated from macro lead 
rr~inerals occurring in mineralized areas that have sup- 
posedly been dated either by macro uranium minerals 
or by post-Cambrian stratigraphy. I f  the isotopic com- 

positions of these ore leads are arranged according to 
the times of mineralization of the veins in which they 
occur, then there is a rough but obvious regularity: 
the oldest ore leads are least radiogenic, and the 
younger and younger ore leads become progressively 
more and more radiogenic. 

Upon this evidence, some investigators have assumed 
that most ore leads are derived a t  various times froni 
a system of lead and uranium in which the mean Pb/G 
ratio has not changed except fo r  radioactive decay 
since the elements were formed. These investigators 
feel that this primary radiogenic lead growth pattern 
in the earth has been determined with sufficient accu- 
racy and is reliable enough to provide both a basis 
fo r  estimating the times a t  which ore leads a re  formed 
(3, 13) and a basis f o r  estimating the age of the ele- 
ments (14, 15) .  I n  a statistical treatment of a number 
of lead ores formed during the last 2 x l o 9  yr, Collins, 
Russell, and Farquhar (1.5) have calculated that the 
rate of radiogenic growth in ore leads should result 
from a ratio of P b / U  in the earth which is 6.4 by 
weight a t  present. They have also calculated the iso- 
topic composition of the average ore lead a t  various 
times of formation. F o r  purposes of illustration, the 
curves calculated by them are reproduced in Pig. 1. 

13'ig. 1. X i eritge radiogenic lead g r o ~ r t l l  i n  tinle, arcortlillg 
to  Collins, Russell, anci Farcluliar. 



I f  the primary growth trend is projected back in time 
to the isotopic composition of the lead we have found 
in iron meteorites, the time of approximate equality 
is found to be about 4.5 x l o 9  yr. This can be inter- 
preted to mean that the calculated lead-uranium and 
lead-thorium ages fo r  the earth agree with the lead- 
lead age for  the earth, where in the first cases the cal- 
czulations are based upon the rates of radiogenic 
growth in lead ores, and in the last case the calcula- 
tion is based upon a recent sanlple of average crustal 
lead. 

Although a general trend is apparent in  the growth 
pattevn of radiogenic lead i n  the earth, and we use 
the P b / U  ratio obtained by Collins, Russell, and 
Parquhar later in  this paper, we do not a t  present 
share this same feeling of confidence in the reliability 
of this primary growth pattern. There is evidence that 
old and extensive chemical systems exist in the earth 
which possess widely different ratios of Pb/U, and 
the effects of the interactions of these systems upon 
the isotopic compositions of ore leads must still be 
evaluated. The extension of this fixed growth pattern 
back to the time of element formation cannot be jus- 
tified a t  all and should be viewed with great reserva- 
tion. 

Effects of differentiation of crust from mantle. I n  
simplified terms, the crust of the earth may be consid- 
ered as a surface one-half covered by a basaltic layer 
about 1 0  km thick and the other half covered by a 
granitic layer about 10 kin thick, together with a 
basaltic layer about 30 km thick underlying the gran- 
itic layer. Using commonly accepted values (16) f o r  
the concentrations of lead and uranium in granites 
and basalts and assuming that the earth is made of 
chondritic material, estimates fo r  the fractions of total 
earth lead and uraniuin contained in these two layers 
are given in Table 2. 

The figures in Table 2 suggest that an extreme dif- 
ferentiation of uraniuin relative to lead has occurred 
within the earth: nearly all of the uranium in the 
earth is concentrated near its surface and most of the 
lead is not. This differentiation would tend to make 
the PbZo7/Pbz0Qge calculated f o r  the earth a mini-
mum value. 

The effect of such a differentiation process upon the 
isotopic compositions of leads existing near the earth's 
surface may be evaluated in  the following way. Con- 
sider the Pb207/Pb206 age of about 4.5 x10"r ob-
tained from the difference between meteoritic and ter- 
restrial leads as a rough measure of the period during 
which mantle differentiation has occurred. The ob-
served radiogenic lead deficiencies in  the earth's crust 
may be obtained by first calculating the relative 
amounts of radiogenic lead that should have been pro- 
duced during this period using the present ratio of 
lead to uraniuin in  the earth's crust, and then corn-
paring these amounts with those obtained by subtract- 
ing the isotopic composition of meteorite lead from 
the isotopic composition of young crustal lead. Un- 
fortunately the present ratio of lead to uranium in the 
earth's crust, as given by analyses of these two ele- 

Table 2. Approximate distril~ution of lend n~lciuraniurn 
in the earth. 

Material Pb 
(Wm) 

Earth's 
total 

Pb (%)  

U 

(l3pn1) 

Earth'stot111
u ( % )  

5 km of granite 10  1 4 A0 
20 km of hnsnlt 5 3 0.8 40 
Interior 96 10 

merits in various materials, varies widely and the un- 
rertainty of the quality of the data and the character 
of the samples is so great that direct ineasurements 
cannot be used a t  the present time. Perhaps the least 
objectionable estimate fo r  this ratio may be that of 
6.4 obtained by Collins, Russell, and Farquhar, since 
their assumptions niay be sufficiently correct fo r  about 
the last 1x l o 9  yr. From this ratio of lead to ura-
nium, it is calculated that 9.9 and 5.6 atoms of radio- 
genic Pb206 and PbZo7 per atom of Pb204 should have 
been formed in the earth's crust during the last 
4.5 x l o 9  yr. The isotopic compositions of leads iso- 
lated from oceanic deposits (17) ,which are mentioned 
later in  this paper, may constitute an experimental 
determination of the isotopic composition of the aver- 
age lead in the earth's crust. The differences between 
the isotopic composition of this lead and meteoritic 
lead indicate that 9.5 and 5.4 atoms of radiogenic 
PbZ06 and PbZo7 per  atom of Pb204 exist in  the earth's 
crust today. 

For  this fixed period of 4.5 x l o 9  yr, it is sufficient 
to calculate the deficiencies of radiogenic lead in the 
crust of the earth as a function of the rate of transfer 
of uraniuin froin the interior to the crust by assuming 
that the rate of this transfer is proportional to  the 
uraniuin concentration in the interior and that the 
transfer of lead is negligible. From such a point of 
view, deficiencies of less than 5 percent of radiogenic 
Pb207 in the crust require that the transfer of uranium 
be one-half co~npleted in less than 50 million years. 
Thus, apparently negligible deficiencies of radiogenic 
PbZo7 and PbZo6 exist in the crust, and it  would appear 
that either mantle differentiation effects are minimal, 
perhaps as  a result of large initial transfer rates, or 
the application of meteoritic concentration data is in 
error, the amounts of uranium assigned to the whole 
earth being too low. 

Effects o f  CEiferentiation within the crust. It is im- 
portant that we recognize the possibility of systematic 
variations in the ratios of lead to uranium in different 
crustal materials and the consequent effects of intra- 
crustal differentiation upon the isotopic composition 
of lead within the crust. I n  the preceding paragraphs 
it  has been shown that the ratio of lead to uranium 
in the earth's mantle may be very high (in the range 
of 50 to 100) and that the isotopic composition of 
lead in such ultra deep-seated materials should be 
grossly nonradiogenic. I n  the lower parts of the crust 
or in basalts, a few concentration measurements show 
that the ratio of lead to uranium is about 6. I n  the 



Table 3. Lead and uranium in earth materials. 

Sample Pb 
(ppm) 

Plateau basalt (Quaternary) Today 6.55 
Basalts and gabbros 5 
Canadian Shield granite Today 9.3 

1.06 x lo0yr ago 
Granites 10 
Calculated average P b  Today 
Ore 1.06 x lo0yr ago 
Red clay (Quaternary) Today 35.2 
Manganese nodule (Quaternary) Today 3.450 

upper par t  of the crust, or in granites, there a re  some 
measurements which show that the ratio of lead to 
uranium is about 3. 

We have determined the concentrations of uranium, 
thorium, and lead in a sample of Quaternary flood 
basalt f rom the Snake River Plains of Southern 
Idaho. The concentrations of these three elements have 
also been determined in a pre-Cambrian alaskite gran- 
ite f rom the Canadian shield in Ontario (18). These 
measurements constitute the only precise determina-
tions that  have been made of the PbJU ratios in  
basalts and granites and the only determinations that 
have been made of the isotopic compositions of leads 
in  such materials. All these data are  summarized in 
Table 3. 

The basalt was obtained from R. S.Cannon of the 
U.S. Geological Survey, Washington, D.C., who, be- 
cause of his interest and knowledge of t h e e  problems, 
instigated its collection. The sample was collected by 
G-. J. Neuerburg of the U.S. Geological Survey, Pasa- 
dena, California, with special concern regarding con- 
tamination and alteration. Neuerberg's report is as 
follows : 

This sample is a gray micro- and macrovesicular 
basalt from one of the several pressure-ridged flows 
that occupy the surface of the Snake River Plain. 
Judging from descriptions given by Stearns et al. 
(1938), i t  is one of the latest Pleistocene flows that 
preceded the extrusion of the black, glassier Recent 
lavas of which the Craters of the Moon is a prime 
example. The sample comes from a block deep within 
the textural profile of the flow that was excavated in 
construction of the Gooding-Shoshone canal, 1.8 mi 
north of Shoshone on U.S. Highway 93, Lincoln 
County, Idaho. The sample was collected from the 
northwest corner of the intersection of the highway 
and the canal. 

The texture is ophitic and the grain size averages 
0.30 mm. Sparse microphenocrysts of olivine are set 
in a felted matrix of plagioclase (labradorite-ande- 
sine) and roundish grains of olivine with space-filling 
brownish augite and ilmenite or titaniferous magne- 
tite; apatite is abundant. Zircon may be present? I n  
a very few places, augite appears to be slightly al-
tered to a dark brown clayey material; otherwise this 
sample is exceptionally fresh. 

His  estimate of the mineral composition, together 
with the chemical composition determined by W. J. 

Refer. 
( P P ~ )  ( P P ~ )  Pb/U 206/204 207,204 208/204 enccs 

Blake of the California Institute of Technology, is 
given in Table 4. 

As Table 3 shows, the lead to uranium ratio of 10 
measured in this basalt agrees well with the more 
qualitative measurements in other basalts and is dis- 
tinctly greater than the Pb/U ratio observed in gran- 
ites. I f  this basalt is considered to be a representative 
sample of a closed chemical system that has existed 
during the last 4.5 x l o 9  yr, then the amount of lead 
generated during this period by the decay of the 
uranium and thorium in the basalt may be calculated 
and compared with the observed amount of radiogenic 
lead in the basalt that is found by subtracting the non- 
radiogenic lead originally present. The isotopic com- 
position of this original nonradiogenic lead may be 
assumed equal to that  in  iron meteorites. I t  is found 
that radiogenic Pb206 is 40 percent in excess and 
radiogenic Pb208 is 80 percent in excess in the basalt. 
I t  is quite clear from this gross radiogenic imbalance 
that the basalt may be chemically nonrepresentative 
of its source material o r  the rates of reaction and 
mixing of the basaltic system with other systems, in 
which the Pb/U ratios are  lower, are rapid in  terms of 
billions of The isotopic composition of the b a d  
in the basalt, which was formed recently, is nearly 
identical with the calculated isotopic coinposition of 
an average ore lead formed today. 

Listed in Table 3 is the ratio of Pb/U found in the 
granite by direct measurement. This value of 3 agrees 
with values found indirectly by measurements in  other 
granites and is clearly much lower than the Pb/U 
ratio in  basalts. I f  this granite is considered to be a 
representative sample of a closed chemical system 
that  has existed during the last 4.6 xlOY y r  and if a 
radiogenic balance is calculated in  the same manner 
as fo r  the basalt, it is found that  radiogenic Pb206 is 
50-percent deficient and radiogenic Pb208 is 80-percent 
deficient. Again it is clear that the granite may be 
chemical.ly nonrepresentative of its source material 
or the granitic chemical system has reacted and mixed 
a t  rates that are rapid in  terms of billions of years 
with other systems in which the Pb/U ratios are  
higher. The isotopic composition of the lead in this 
granite a t  the time granite was formed 1x 10"r 
ago was nearly identical with the calculated isotopic 
composition of a n  average ore lead formed at  this 
same time. 



Tnt,le 4. Mil~er:tl and c*hemic:tl con npo~it ion of the Shoshone hasalt. 

T ' l n g i o ~ ~ l ~ s e(An,; ,,) 45 SiOl 
Olivine 10 TiO, 
Augite 40 Al,O:, 
Ore 4 Fe,O, 
Apatite 1 FeO 

J lgO 
( 'a0 

Table 3 shows the isotopic coinpositions of two leads 
isolated from two difierent Quaternary deposits oc-
curring in the deep areas of the Pacific Ocean. The 
accumulation of lead in these samples during a period 
of l o 4  to l o 5  years might be considered to occur in 
such a way that the lead would be representative of 
a n  extremely large mass of material eorisisting of sedi- 
nientary rocks, granitic rocks, and basaltic rocks ex-
posed to the weathering cycle. The isotopic composi- 
tions of these two leads are identical, although they 
are from deposits formed by supposedly different 
mechanisms (21) a t  widely d z e r e n t  locations, and 
they are similar to the calculated isotopic composition 
of an average ore lead formed today. These oceanic 
lead samples may represent the average lead presently 
existing in the earth's crust. 

It is remarkable that the isotopic compositions of 
the leads originally contained in the granite, the 
basalt, and the sedimentary deposits should be dcter- 
mined by approximately the same pattern of radio-
genic lead growth, that this growth pattern should be 
very similar to the one calculated f o r  an average ore 
lead, and that it should be independent of large varia- 
tions of the Pb/U ratios in these kinds of materials 
that have a widespread occurrence. Thus, despite evi- 
dence of extensive and old chemical systems with very 
different Pb/U ratios existing in states that woula 
strongly inhibit equilibration, there arc definite indi- 
cations that mixing may exert a first-order effect upon 
the isotopic compositions of leads in the earth's crust. 
These data, which indicate that there is extensive mis- 
ing and that the radiogenic imbalances of the basalt 
and the granite tend to cancel out, may eventually 
prove to be typical f o r  most basalts and granites. 
This would be strong evidence for  a differentiation re- 
lationship between acidic and basic rocks and create a 
difficult problem f o r  those granitizationists who would 
minimize the role of basalts in the origin of granite. 

I t  might be expccted that  different patterns of 
transient radiogenic lead growth would be measured 
as  second-order effects superimposed upon the primary 
radiogenic lead pattern in old rock systems in the 
crust containing various Pb/U ratios. The nature of 
these effects would be determined by the influence of 
rock-forming processes in various phases of the over- 
all geochemical cycles of lead and uranium in the 
earth's crust. The differences arnong the isotopic com- 
positions of leads in varions earth rnsaterials eventually 

TVcight Weigh t  
abur~tlnncv E l ~ n ~ r l ~ t  a1)untlance 

( % )  (%, 

$6.68 Na 0 2.86 
2.95 K,C) 0.89 

14..??1 P20, 1.20 
0.75 hfnO 0.19 

12.78 H ,O- .0 1 
7.66 H,O+ .13 
9.76 Total  100.39 

rnay be instrumental in  showing that certain postu- 
lated geologic processes are sighificant, while others 
are not. The present interpretations of lead data may 
be materially substantiated or drastically revised in 
the near future and are regarded as highly specula- 
tive now. 

Agp  of the  crust from lend ores. Holmes (22), 
Houtermans (R3) ,and Bullard and Stanley ( 24) have 
used the lead ore data obtained by Nier ( 2 5 )  with 
certain assumptions to calculate an age f o r  the earth's 
crust arid the isotopic composition of prilnordial ter- 
restrial lead. Collins, Russell, and Farquhar ( 1 5 ) have 
extended the set of galena data, repeated the calcula- 
tions, and obtained values that agree with those cal- 
culated earlier. This method of calculating the age of 
the earth's crust has been widely discussed, a concise 
example being the paper by Alpher and Herman (24).  

Nier pointed out in his original communications 
that the isotopic compositions of galcnas varied with 
age in a manner that was consi8tent with the theory 
that the ores were derived from a system that pos- 
sessed Pb/U arid Pb/Th ratios similar to those found 
in the earth's crust. Following this, Holmes set forth 
the assumptions that  have been used for  all the calcu- 
lations of the age of the earth's crust based on ore 
lead data. These assunlptions are (i) lead had a uni- 
form isotopic con~position throughout the earth up  to 
the time the crufit was formed; ( i i )  when the crust 
was formed, the Pb/U and Pb/Th ratios in different 
areas varied slightly, were frozen, and did not snbse- 
qnently vary except fo r  radioactive decay; (iii) each 
ore lead has been derived from one such area and 
has not been mixed with lead froni any other source; 
(iv) the time of formation of a galena can be deter- 
mined either by stratigraphic correlation or by use 
of i~ranium minerals, and this is the time the ore was 
separated from the parent material in which the lead 
evolved. 

I f  these assumptions are valid, one can express the 
isotopic composition of the lead in an ore of age t,, 
by the equations: 

r,,,= a. - c r ~ r r ,(eX'n- chtmi, 
yltL= bo- P,,L(e h'tO - ehIt'R) 1 

z,,, tC, -wnr(eX1'to- eX"1 "1, 
where s,, y, and z, are the abundances of Pb2O6, 
Pb207, and Pb208 relative to  Pb204 in the ore; a,, b,, 



and c, are the abundance5 of Ph2Ob, PbPoi, and PbZoS 
a t  to,the time the crust was formed; h, hr, hrr are the 
decay constants f o r  UZ35 Urn, and Th232, respec- 
tively; V ,  is the present-day ratio of t o  PbZU4 in 
the parent material from which the ore was derived; 
W,is the ratio of Th232 to Pb204 in the same material; 
a is the present ratio of U238 to I T 2 ? ? .  TO solve for  thr 
age of the earth by the method of least ~ c l u a r e ~ ,  value< 
of the parameters are sought which heit fit the ore 
lead data, subject to the assumptions on which the 
calculation is made. The solutions obtained by the 
various authors are gircn in Table 5. 

Table 5. O l e  leud ic)lutiotrsfu r  the ca~t l l ' i  crust. 
-

A u t h o ~  t d  

(1oJ?r)  (1,, 1) , 

Holmes ( I  947) 3.31 10.95 13.51 
Houterrnnns (194'7) 2.9 11.52 14113 
Bullard and Sta111t.y (1849) 3.28 11.86 13.86 
C'ollinu, Russell, 

a11i1 Farquhar (1853) 3.5 11.83 13.35 

Collins, Russell, and Farquhar used 17 galenas from 
as many different localities, averaging results when 
replicate determinations existed f o r  the same deposit 
(erroneously, perhaps, in the case of their ore No. 6 ) .  
Of the 17 ores used, five are taken as  25 million years 
old and a total of nine as  less than 500 niillion years 
old. This weights the data  heavily toward the Inore 
modern leads with greatly increabed chances f o r  the 
galenas concerned to hare passed through succeb5ive 
environments with differing Pb/U ratios or to have 
been mixed with leads from other sources, violating 
the assumptions of the calculation. I n  addition to the 
difficulty of assessing the time of formation of the 
galenas, i t  is of course possible that this age does not 
represent the time elapsed since the lead was sepa-
rated from the parent material that produced it. 

Some ore leads have been clearly recognized as 
"anomalous" and have been excluded from the ccil-
culations, since no or aberrant solutions would result 
if they were not. Examples are  the leads from Joplin, 
Missouri, the Worthington and Garson mines a t  Sud- 
bury, Ontario, and the Colorado Plateaus (12). These 
leads a re  excessively contaminated by radiogenic lead 
or result from a marked increase in V ,  at  some time 
in the environment in which they evolved. Although 
'(anomalous" leads can be recognized in extreme cases, 
there are no sensitive means f o r  detecting "slightly 
anomalous1' leads. 

Of the ores used by Collins, Russell, and Farquhar, 
Nos. 2, 5 ,  and 6 can satisfy the parameters and as-
sumptions within quoted errors with assigned ages of 
500 million years as  well as 50 million years. Their 
ore No. 9 will satisfy the parameters with any assigned 
age between 200 and 900 million years. 

Other ores used by them do not, individually, satisfy 
the parameters and assumptions within the quoted 
errors, unless the assigned ages are significantly 
altered. "Slightly snomalous" leads may have been 

included in the age calculations \!here their effect oil 
the calculated value nf to is difficult to assess but 
might lead to ser,?us error. The exclusion of these 
"anon~alous" leads, ahen  ti.ey are so recognized, has 
not as yet been ,ju~rified on acceptable theoretical 
grounds. 

The most important arid sigr:ifit ant  point is that tlir 
ore lead age calciilation depends ui?on the ~ c n t l ~ ~ .of 
the individual isotopic composition.: ahout thr  cnrves 
representing the average radlogeiiic. lead growth ill 
tune (Fig. 1).I f  all orc leads fell exrzctly upon the 
lines of average growth, no 5olution io i  the age oP thc 
(>rust vonld be possible by t l ~ i s  niethod. Since the val 
cwlation is based on thew sec'ond-oirl~r effects, small 
errors in the underlying a!.sunlpt:ons irlay be capable 
of iritroduc~ng large errors into thc I ssults. I n  view 
of the evidence f o r  extensiv~ miuing, lt would seem 
contrary to the facts to postulate diEering froze11 
Pb/IJ ratios that have e x i s t ~ d  for  billioils of years. 
The requirements of the aqiumptions ill thrs ore lead 
mclthnd are so extreme it  i\ unlikely that it  should 
o i ~ ea correct age. 

We have, then, two methods for  estiinating the agc 
of the ear th:  the ore method, which gives an age of 
3.3 x 1 0 9 r ,  and the meteorite mcthod, which give\ 
an age of 4.5 x l o 9  yr. The two methods may incasore 
different "ages" in that the meteorite method measure< 
the tinie elapsed since uranium was concentrated with 
respect to  lead in the surface of the earth, while the 
ore method measures the time elapsed since local varia- 
tions of the Pb/U ratio were established and frozen 
in the crust. Holrr~es has indicated a preference f o r  
this point of view (26). I-Ioutennans has apparently 
abandoned the sig~~ificance of the calculations of the 
[age of the] earth's cruqt using lead ores (3). 

Conclusior2s. Tlie ore lead method for  estimating 
an age uses terrestrial materials but gives rise to seri- 
ous uncertainty in the determination of the age of the 
crust. Tlie meteorite method uses a primordial lead of 
accurately known isotopic composition and gives an 
accurately determined age but makes use of estra-
terrestrial materials whose relationship to the earth 
is uncertain. 

There is no evidence that cornpels us to sssinne that 
when the earth was formed it contained lead with the 
same isotopic con~position as that in iron meteorites. 
The choice of a suitable sample of recent terrestrial 
lead that may be compared with meteoritic lead i.; 
governed inairily by two requirements: namely, the 
sample should be derived from a closed chen~ical sys- 
tem of uranium arid lead that has existed since the 
earth was formed, and the sample should be represen- 
tative of all the lead in this system. Only a limited 
number of terrestrial lead samples have been isotopi- 
cally analyzed. All these leads originate from masses 
of material that comprise only sinall fractions of thr 
total mass of the earth. Knowledge of the charactcr 
of these different mass fractions o r  chelnical systems, 
the concentrations of uraniuni and lead in them, and 
the effects of their interactions with one another a t  
various times upon the isotopic composition of lead in 



them, is very meager. None of the concepts for the 
geneses of these leads have sutIicient foundation in 
fact to fulfill j justifiably the afore-mentioned require- 
ment. 

Nearly all analyzed terrestrial lead samples (except 
those from uranium minerals) that have been isolated 
from their uranium environments since Tertiary times 
(12) have isotopic compositions that fall within the 
range Pb206/Pb204 = 18.07 and Pb207 /Pb204 =15.40 to 
Pb206/Pb204=18.95 and Pb207 JPb204 = 15.76. When 
any of these leads are compared with the isotopic com- 
position of lead from an iron meteorite, Pb208/Pb2O4 = 
9.41 and Pb207/Pb204=10.27, a PbZo7/Pbzo6 age of 
approximately 4.5 x l o 9  yr is obtained. It should be 
recognized that an approximate age value is sufficient 
and should be viewed with considerable skeptictism 
until the basic assumptions that are involved in the 
method of calculation are verified. 
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Effects of Atomic Explosions on Weather 
L. Machta and D. L. Harris 

U.S. Weather Bureau, Washington 25, D.C. 

VERY year since the explosion of the first 
atomic bomb, both the U.S. Weather Bureau 
and the Atomic Energy Com&ission have re- 
ceived many letters suggesting that atomic 

bombs should be used to dissipate hurricanes and tor- 
nadoes or otherwise improve undesirable weather. 
Since the atomic weapons testing program was en-
larged in 1951, both agencies have also received com- 
plaints from many parts of the world blaming un-
pleasant weather on the atomic explosions. 

Although a casual examination of much of the re- 
cent climatic data might appear to indicate that some 
of the recent anomalous weather has been associated 
with atomic explosions, a more careful examination 
of the data does not support the hypothesis that 
atomic explosions have changed the weather. 

When the best available observational evidence and 
the most plausible theories are considered together, 
there appears to be no reason for believing that any 
past atomic explosion a t  the Nevada Proving Ground 

has had any significant effect on the weather more 
than a few miles from the test site. 

Historical background. Although witnesses to 
atomic explosions have sought to find ways in which 
the awesome events may have altered the weather, few 
cases have been found in which even local effects oc- 
curred. The heat from the fixes set by the atomic 
bomb a t  Hiroshima produced numerous showers in 
the moist air overlying the city, and the base surge 
of the underwater Bikini shot a180 led to the forma- 
tion of showers that lasted for 20 to 30 min (1,2 ) .  

Most of the clouds from explosions in Nevada have 
been tracked for several hours by aircraft, but none 
of the pilots has reported any unusual weather de- 
velopments during these operation*. For  greater dis- 
tances, the atomic cloud has been followed across th'e 
United States by means of meteorologic trajectories 
( 3 ) , and even though there has been no attempt to 
make a detailed study of the weather in association 
with the atomic clouds &nd areas of radioactive fall- 

http:Pb207/Pb204=10.27

